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SLIP RATIO POINT OPTIMIZATION SYSTEM
AND METHOD FOR VEHICLE CONTROL

FIELD OF THE INVENTION

[0001] The invention relates generally to tire monitoring
systems for collecting measured tire parameter data during
vehicle operation and, more particularly, to systems utilizing
such tire sensor-based data in vehicle control systems.

BACKGROUND OF THE INVENTION

[0002] Current vehicle systems such as anti-lock braking
systems require information about the slip ratio set point to
maximize the braking force and consequentially minimize
stopping distance. Typically such systems assume a fixed
value for this optimal slip ratio so used. Assuming fixed
values for the optimal slip ratio of each vehicle tire is, how-
ever, less than optimal and ignores that the optimal slip ratio
for a given tire changes with operating conditions. Thus,
current vehicle control systems that incorporate these optimal
slip ratio assumptions operate less than at an optimal level.
Accordingly, there remains a need for an accurate optimal slip
ratio determination for vehicle tires and a system and method
for the use of the improved optimal slip ratio estimate in
vehicle control systems such as anti-lock braking systems.

SUMMARY OF THE INVENTION

[0003] In one aspect of the invention, a tire optimal slip
ratio estimation system and method affixes a tire-identifica-
tion device to a vehicle tire to provide a tire-specific identifi-
cation and one or more sensors affixed to the tire for measur-
ing one or more tire-specific parameters. A model-based
optimal slip ratio estimator generates a model-derived tire
optimal slip ratio from an assessment of sensor-derived tire-
specific parameter information based upon the tire-specific
identification.

[0004] In another aspect, the tire-specific parameter infor-
mation includes a load estimation for the vehicle tire, tem-
perature of the vehicle tire, air pressure within a cavity of the
vehicle tire and a wear estimation for a tread region of the
vehicle tire.

[0005] According to yet another aspect of the invention, the
model-derived tire optimal slip ratio estimation is substan-
tially continuously updated during an operation of the vehicle
to reflect changes in the tire parameter measurements due to
operating conditions such as temperature, pressure and wear
rate and the updated model-derived optimal tire slip ratio
estimation is operably utilized in at least one control system
of the vehicle.

DEFINITIONS

[0006] “ANN> or “Artificial Neural Network™ is an adap-
tive tool for non-linear statistical data modeling that changes
its structure based on external or internal information that
flows through a network during a learning phase. ANN neural
networks are non-linear statistical data modeling tools used to
model complex relationships between inputs and outputs or
to find patterns in data.

[0007] “Aspect ratio” of the tire means the ratio of its sec-
tion height (SH) to its section width (SW) multiplied by 100
percent for expression as a percentage.

[0008] “Asymmetric tread” means a tread that has a tread
pattern not symmetrical about the center plane or equatorial
plane EP of the tire.
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[0009] “Axial” and “axially” means lines or directions that
are parallel to the axis of rotation of the tire.

[0010] “Chafer” is a narrow strip of material placed around
the outside of a tire bead to protect the cord plies from wear-
ing and cutting against the rim and distribute the flexing above
the rim.

[0011] “Circumferential” means lines or directions extend-
ing along the perimeter of the surface of the annular tread
perpendicular to the axial direction.

[0012] “Dugoff Model” is an empirical tire model provid-
ing analytical relations for the longitudinal and lateral forces
as functions of'the slip angle and slip ratio. It accounts for the
coupling between the side and longitudinal forces.

[0013] “Equatorial Centerplane (CP)” means the plane per-
pendicular to the tire’s axis of rotation and passing through
the center of the tread.

[0014] “Footprint” means the contact patch or area of con-
tact created by the tire tread with a flat surface as the tire
rotates or rolls.

[0015] “Groove” means an elongated void area in a tire wall
that may extend circumferentially or laterally about the tire
wall. The “groove width” is equal to its average width over its
length. A grooves is sized to accommodate an air tube as
described.

[0016] “Inboard side” means the side of the tire nearest the
vehicle when the tire is mounted on a wheel and the wheel is
mounted on the vehicle.

[0017] “Lateral” means an axial direction.

[0018] “Lateral edges” means a line tangent to the axially
outermost tread contact patch or footprint as measured under
normal load and tire inflation, the lines being parallel to the
equatorial centerplane.

[0019] “Net contact area” means the total area of ground
contacting tread elements between the lateral edges around
the entire circumference of the tread divided by the gross area
of the entire tread between the lateral edges.

[0020] “Non-directional tread” means a tread that has no
preferred direction of forward travel and is not required to be
positioned on a vehicle in a specific wheel position or posi-
tions to ensure that the tread pattern is aligned with the pre-
ferred direction of travel. Conversely, a directional tread pat-
tern has a preferred direction of travel requiring specific
wheel positioning.

[0021] “Outboard side” means the side of the tire farthest
away from the vehicle when the tire is mounted on a wheel
and the wheel is mounted on the vehicle.

[0022] “Peristaltic” means operating by means of wave-
like contractions that propel contained matter, such as air,
along tubular pathways.

[0023] “Piezoelectric Film Sensor” a device in the form of
a film body that uses the piezoelectric effect actuated by a
bending of the film body to measure pressure, acceleration,
strain or force by converting them to an electrical charge.
[0024] “Radial” and “radially” means directions radially
toward or away from the axis of rotation of the tire.

[0025] “Rib” means a circumferentially extending strip of
rubber on the tread which is defined by at least one circum-
ferential groove and either a second such groove or a lateral
edge, the strip being laterally undivided by full-depth
grooves.

[0026] “Sipe” means small slots molded into the tread ele-
ments of the tire that subdivide the tread surface and improve
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traction, sipes are generally narrow in width and close in the
tires footprint as opposed to grooves that remain open in the
tire’s footprint.

[0027] “Tread element” or “traction element” means a rib
or a block element defined by having a shape adjacent
grooves.

[0028] “Tread Arc Width” means the arc length of the tread

as measured between the lateral edges of the tread.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The invention will be described by way of example
and with reference to the accompanying drawings in which:
[0030] FIG. 1 is perspective view of a vehicle and partial
sectioned tire forming components of the optimal slip ratio
estimation system.

[0031] FIG.2is agraph of friction vs. slip ratio showing the
optimal slip ratio at p,,, . Options for increasing mean total
braking force are identified in block diagram form.

[0032] FIG. 3A is atire force slip curve showing peak grip
and optimal slip ratio points on the curve.

[0033] FIG. 3B is a table showing relationship between
parameters and dependencies.

[0034] FIG. 4A is a tire force slip curve showing the tem-
perature dependency of the optimal slip ratio point between a
tire at normal temperature and a second tire at cold tempera-
ture.

[0035] FIG. 4B is a tire force slip curve showing wear
dependency.

[0036] FIG. 4C is a tire force slip curve showing pressure
dependency.

[0037] FIG. 4D is a tire force slip curve showing construc-
tion dependency.

[0038] FIG. 5A is a graph showing current ABS system
activation thresholding.

[0039] FIG. 5B are graphs of A, and . comparing
actual to estimated with bounding of +/-10 percent.

[0040] FIG. 6A is an optimal slip ratio graph showing tem-
perature dependency under three load conditions.

[0041] FIG. 6B is an optimal slip ratio graph showing load
dependency under inflation pressure of 37 psi.

[0042] FIG. 6C is an optimal slip ratio graph showing wear
dependency for three tire inflation pressures.

[0043] FIG. 6D is an optimal slip ratio graph showing pres-
sure dependency for three loading conditions for a fully worn
tire.

[0044] FIG. 7A is an optimal slip ratio graph to pressure
and load showing curve fitting using experimental data.
[0045] FIG.7Bisagraphofoptimal slip ratio to tread depth
showing a fitted curve vs. data comparison.

[0046] FIG. 7C is a graph of optimal slip ratio to tempera-
ture showing a fitted curve comparison.

[0047] FIG. 8 is a representation of the optimal slip estima-
tion mode] statement.

[0048] FIG. 9 is a table summarizing model performance
comparing optimal slip (actual) to optimal slip (estimated) for
selected variations in load, pressure, tread and tire tempera-
ture.

DETAILED DESCRIPTION OF THE INVENTION

[0049] Referring to FIG. 1, a vehicle 10 is shown with an
exemplary tire 12. The tire 12 is of conventional construction
and is mounted to a wheel 14. The tire 12 has a tread region
16, sidewalls 18, a pressurized air cavity 20 defined by an
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inner liner 22. A sensor module (also referred herein as
“device”) 24 is mounted to the tire inner by suitable means
such as adhesive. The sensor module 24 includes a pressure
sensor for measuring the air pressure within cavity 20, a
temperature sensor for measuring the tire temperature and a
tire identification transponder programmed to provide a tire-
specific identification. The module 24 is further equipped
with telemetric transmission capability by which the tem-
perature, pressure and identification information can be sent
wireles sly to a remote receiver (not shown) for processing.
The module sensors are commercially available and pack-
aged and may be affixed to the inner liner through the use of
commercially available adhesive.

[0050] With reference to FIG. 2, a graph 28 of friction vs.
slip ratio is presented showing the optimal slip ratio at umax.
Options for increasing mean total braking force are identified
in the blocks 26 beneath the graph. By way of background, an
object of the subject system and method is to optimize the slip
ratio operating point in order to maximize tire grip level. A
knowledge of the optimal slip ratio point is achieved in order
to assist rule-based control system controllers such as that
used in anti-lock braking systems (ABS). Minimizing tire
load oscillations is a further object in order to maximize the
road holding capacity of each tire supporting the vehicle.
[0051] As summarized in FIG. 2, options for increasing
mean total braking force are shown at blocks 26. Increasing
mean total braking force F is achieved through maximization
of the max friction coefficient .. The u,, .. is affected by
pavement properties and condition as well as tire properties.
Increasing mean total braking force F is further influenced by
increasing 1, by reducing slip oscillations, AA—0. This is
achieved by avoiding disturbances and/or slip control. The
optimal slip ratio is identified in FIG. 2 at the peak where
friction,,,,.. is maximized. As will be understood, optimizing
the slip ratio (AA—0) occurs at the optimized (maximum)
friction point.

[0052] Sensitivity factors utilized by the subject system and
method areused in achieving the above objective. In FIG. 3A,
atire force slip curve showing peak grip and optimal slip ratio
points on the curve is shown. Experimental data, a regression
model fit and a tire model fit are shown for comparison
purposes. As seem from the table 30B braking stiffness, peak
grip, optimal slip ratio and shape factor are affected to varying
extents by the identified parameters: load on the tire, tire
inflation pressure, vehicle speed, tire wear state and tire tem-
perature. The subject system and method seeks to optimize
slip ratio by consideration of the tire-based parameters load,
pressure, wear state and tire temperature. The particularly
high dependencies of slip ratio to wear state and tire tempera-
ture make their inclusion in a prediction model for the optimal
slip ratio point beneficial. The achievement of the optimal slip
ratio point that considers wear state and tire temperature
makes improved performance of vehicle ABS possible.
[0053] Dependencies are more closely shown and are dem-
onstrated by the experimental test result graphs of FIGS. 4A
through 4D. In FIG. 4A, dependency of slip ratio to tire
temperature is shown in the slip force curve. Tire 1 is at
normal temperature (30° C.) while Tire 2 is a cold tire (0° C.).
As compared to the normal tire, optimal slip ratio point
changes in the cold tire by approximately 50 percent. In FIG.
4B, dependency of the optimum slip ratio from new tread
condition (%42 in.) to worn (¥32 in.) is seen to change by
approximately 35 percent. In FIG. 4C, pressure dependency
is seen with the optimum slip ratio changing marginally
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between a high pressure (41 psi) and a low pressure (33 psi)
inflated tire. FIG. 4D shows construction dependency
between a summer tire (Eagle F1 Asymmetric 255/457R19)
and an all-season tire (Eagle 1.S-2 255/45R19). A change of
approximately 90 percent is seen in the optimum slip ratio
between the two tires.

[0054] Incurrent ABS systems, a fixed value is assumed for
the location of optimal slip ratio for use in their algorithms.
However, as demonstrated in FIGS. 4A through 4D, optimal
slip ratio for a given tire changes with operating conditions
such as load, inflation pressure, temperature, and tread depth
(wear state). Accurate knowledge of the optimal slip point
based on tire ID and tire-sensed information (temperature,
pressure, and tread wear) is used in the subject optimization
of slip ratio point system and method to improve the perfor-
mance of vehicle control systems such as the ABS.

[0055] The system and method employed utilizes a model-
based approach which is pre-calibrated through vehicle test-
ing to enable lag-free estimation of optimal slip-ratio (slip
estimation prior to ABS activation). The brake system can
thus be adaptively pre-conditioned. In FIG. 5A, the ABS
activation threshold, ABS, tire slip and ABS activation point
are shown in the plot of A vs. sample number. The ABS is
switched on when the current tire slip value exceeds a pre-
defined threshold which has been set to A=0.15. FIG. 5B
shows the plots of A, and .. over the sampling. Actual,
estimated and a bound of +/-10 percent is shown. As seen, the
estimation of A, is satisfactory, however, it is only reliable
at the time instant at which the ABS would be activated. FIG.
5B shows the actual and estimated plots for p,,,,. estimation
over the sampling. The variation of optimal slip ratio with
various operating conditions is obtained from force slip
curves generated from experiments. Further graphs showing
dependencies between various operating conditions and their
effect on the optimal slip ratio are shown in FIGS. 6 A through
6D. FIG. 6A is an optimal slip ratio graph showing tempera-
ture dependency under three load conditions: 1000, 1400 and
1800 pounds. The tire is inflated to 34 psi. Three loading
levels were tested: 1000, 1400 and 1800 pounds. The results
indicate the optimal slip ratio point changes by approximately
50 percent as temperature changes between 0 and 40° C. In
FIG. 6B, the dependency of the optimal slip ratio on load is
seen at a tire inflation of 37 psi. The optimal slip ratio point
changes by approximately 80 percent as the load is varied
between 800 and 1800 pounds. Three wear states of tires,
new, half worn and fully worn were tested, each yielding
similar results. FIG. 6C demonstrates wear dependency.
Three inflation pressures were tested at a load of 1300
pounds. The optimal slip ratio plotted against wear state (new,
half worn, fully worn) indicate the optimal slip ratio point
changes by approximately 35 percent between new and fully
worn states. FIG. 6D shows pressure dependency in a fully
worn tire under three loading levels: 800, 1300 and 1800
pounds. The optimal slip ratio point changes but only mar-
ginally between inflation levels of 33 and 42 psi.

[0056] Scaling factors are calculated by the subject system
and method based on a curve fitting routine using experimen-
tal data in a regression analysis, R-square:0.78805. Minimal
cross-dependency is assumed between various operating con-
ditions. In FIG. 7A, the optimal slip, pressure, load curve is
shown as developed from experimental data. In FIG. 7B,
R-square:1, the optimal slip to tread depth (mm) comparison
plot shows data and fitted curve. FIG. 7C shows the optimal
slip to temperature (C) comparison plots of data and fitted
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curve for R-square:0.69444. The expression for the subject
optimal slip estimation model is shown in FIG. 8 with the
definitional key therein. Solving for the optimal slip ratio is
made by a processor receiving as inputs the tire-based sensor
information (inflation pressure, temperature). Load is calcu-
lated based upon a dynamic tire load estimator configured as
presented in co-pending U.S

[0057] Patent Application Publication No. 2014/0278040,
published Sep. 18, 2014, entitled VEHICLE DYNAMIC
LOAD ESTIMATION SYSTEM AND METHOD hereby
incorporated herein in its entirety. Tread depth or wear may be
determined from an adaptive indirect tread wear such as the
wear estimation method found in co-pending U.S. Applica-
tion Ser. No. 13/917,691, filed Jun. 14, 2013, entitled TIRE
WEAR STATE ESTIMATION SYSTEM AND METHOD,
hereby incorporated by reference in its entirety herein. The
wear estimation method of the co-pending application does
so “indirectly”, that is, without the use of tire mounted tread
depth measuring sensors. As such, the difficulty of imple-
menting and maintaining accurate tire-based sensor tread
depth measurement is avoided. The indirect tire wear state
estimation algorithm utilizes a hub acceleration signal which
is accessible via the Vehicle CAN bus from vehicle based
sensors. The hub acceleration signal is analyzed and an esti-
mation is made as to tread depth or wear. The tread depth used
may be the percentage tread wear left or a quantitative value
of tread wear depth left on the tire.

[0058] Current values of inflation pressure, temperature
and tread depth may be continuously updated by the tire-
based sensors and the tread depth and load estimations iden-
tified above. Scaling factors are generated experimentally
based upon tire construction. The tire ID obtained from the
tire-based ID transponder allows the processor to identify the
tire by type and use the appropriate scaling factors experi-
mentally derived for that tire type. Thus, the model is pre-
calibrated through vehicle testing which enables a lag-free,
continuously updated, estimation of optimal slip ratio. This
updated slip ratio may then be used in real time to pre-
condition the brake system and ABS activation point.
Improved performance of the ABS control system and
reduced stopping distance is thereby achieved.

[0059] FIG. 9 shows in tabular form comparative test
results between the optimal slip (actual) and the optimal slip
(estimated) from use of the subject system and method. Infla-
tion pressure, temperature and tread depth for the tests are as
indicated. Good correlation was achieved throughout varia-
tions to tire temperature, tread depth, and inflation pressure.
[0060] In view of the foregoing, it will be appreciated that
an accurate and robust optimal tire slip ratio estimation sys-
tem and method has been achieved, facilitated through the
affixation of a tire-identification device (transponder) to a
vehicle tire to provide a tire-specific identification and one or
more sensors (temperature, pressure) affixed to the tire for
measuring one or more tire-specific parameters. A model-
based optimal slip ratio estimator (FIG. 8) generates a model-
derived optimal tire slip ratio estimation from an assessment
of sensor-derived tire-specific parameter information (tem-
perature, load, tread depth, pressure) based upon the tire-
specific identification. Coeflicients for the model are deter-
mined by a processor identification of the tire by construction
type, enabled by tire ID obtained from the tire-based 1D
transponder. The model-derived optimal tire slip ratio estima-
tion is substantially continuously updated during an operation
of the vehicle to reflect changes in the tire parameter mea-
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surements and the updated model-derived optimal tire slip
ratio estimation may then be utilized to assist control systems
such as ABS to improve braking and reduce stopping dis-
tance.

[0061] Variations in the present invention are possible in
light of the description of it provided herein. While certain
representative embodiments and details have been shown for
the purpose of illustrating the subject invention, it will be
apparent to those skilled in this art that various changes and
modifications can be made therein without departing from the
scope of the subject invention. It is, therefore, to be under-
stood that changes can be made in the particular embodiments
described which will be within the full intended scope of the
invention as defined by the following appended claims.

1. A tire optimal slip ratio estimation system comprising:

vehicle supported by at least one vehicle tire mounted to a
hub, the vehicle tire having a tire cavity and a ground-
engaging tread, and the tire having a plurality of tire-
specific measureable parameters;

a tire-affixed tire-identification device for providing a tire-
specific identification;

a plurality of tire-affixed sensors mounted to the tire oper-
ably measuring the tire-specific parameters and gener-
ating tire-specific parameter information;

a model-based optimal tire slip ratio estimator operable to
generate a model-derived optimal tire slip ratio estima-
tion from an assessment of the tire-specific parameter
information relative to the tire-specific identification.

2. The optimal tire slip ratio estimation system of claim 1,
wherein the tire-specific parameter information is from the
group:

a load estimation for the one vehicle tire;

temperature of the one vehicle tire;

air pressure within a cavity of the one vehicle tire; and

a wear estimation for a tread region of the one vehicle tire.

3. The optimal tire slip ratio estimator according to claim 2,
wherein the load estimation operably calculates a load esti-
mation based upon a vehicle-based hub accelerometer signal.

4. The optimal tire slip ratio estimation system of claim 1,
wherein the model-derived optimal tire slip ratio estimation is
substantially continuously updated during an operation of the
vehicle.

5. The optimal tire slip ratio estimation system of claim 4,
wherein the updated model-derived optimal tire slip ratio
estimation is operably utilized in at least one control system
of the vehicle.

6. An optimal tire slip ratio estimation system comprising:

a vehicle supported by at least one vehicle tire mounted to
a hub, the vehicle tire having a tire cavity and a ground-
engaging tread, and the tire having a plurality of tire-
specific measureable parameters;

a tire-affixed tire-identification device for providing a tire-
specific identification;

a plurality of tire-affixed sensors mounted to the tire oper-
ably measuring the tire-specific parameters and gener-
ating tire-specific parameter information, the tire-spe-
cific parameter information including: a load estimation
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for the one vehicle tire, temperature of the one vehicle
tire, air pressure within a cavity of the one vehicle tire
and a wear estimation for a tread region of the one
vehicle tire;

a model-based optimal slip ratio estimator operable to gen-
erate a model-derived optimal tire slip ratio estimation
from an assessment of the tire-specific information rela-
tive to the tire-specific identification.

7. The optimal tire slip ratio estimator according to claim 6,
wherein the load estimation input into the model-based opti-
mal tire slip ratio estimator operably calculates a load esti-
mation based upon a vehicle-based hub accelerometer signal.

8. The optimal tire slip ratio estimation system of claim 6,
wherein the model-derived optimal tire slip ratio estimation is
substantially continuously updated during an operation of the
vehicle.

9. The optimal tire slip ratio estimation system of claim 8,
wherein the updated model-derived optimal tire slip ratio
estimation is operably utilized in at least one control system
of the vehicle.

10. A method of making an optimal tire slip ratio estima-
tion comprising:

mounting at least one vehicle tire to a vehicle, the vehicle
tire having a tire cavity and a ground-engaging tread and
the tire having a plurality of tire-specific measureable
parameters;

affixing to the one vehicle tire a tire identification device
providing a tire-specific identification;

mounting a plurality of tire-affixed sensors to the tire oper-
ably measuring the tire-specific parameters to generate
tire-specific parameter information;

inputting the tire-specific information into a model-based
optimal slip ratio estimator; and

generating a model-derived optimal tire slip ratio estima-
tion by the model-based optimal tire slip ratio estimator
from an assessment of the tire-specific parameter infor-
mation relative to the tire-specific identification.

11. The method according to claim 10, wherein further
comprising including within the tire-specific parameter infor-
mation a load estimation for the one vehicle tire, temperature
of the one vehicle tire, air pressure within a cavity of the one
vehicle tire and a wear estimation for a tread region of the one
vehicle tire.

12. The method according to claim 11, wherein further
comprising utilizing a vehicle-based accelerometer signal to
generate the load estimation for the one vehicle tire.

13. The method according to claim 10, further comprising
substantially continuously updating the model-derived opti-
mal tire slip ratio estimation during an operation of the
vehicle to adjust for changes in the tire-specific information.

14. The method according to claim 13, further comprising
using the updated optimal tire slip ratio estimation in at least
one control system of the vehicle. This listing of claims will
replace all prior versions and listings of claims in the appli-
cation.



